Abstract
Introduction
The initial inflammatory response to traumatic injury triggers a catabolic process, whereby protein is scavenged from muscle tissues to support synthesis of critical visceral proteins. After spinal cord injury (SCI), initial neurologic and spinal shock are characterized by flaccid paralysis and physical activity is substantially limited. This combination of catabolism, paralysis and decreased activity precipitates rapid atrophy of muscle tissue. Loss of 33% of thigh muscle area occurs by six weeks post injury after incomplete SCI [1] . Further atrophy, up to 27-56%, occurs from 6-24 weeks in complete SCI [2] .
Atrophy is accompanied by increasing adiposity over time. Changes in body composition contribute to cardiometabolic disease and associated morbidities, such as hyperinsulinemia, diabetes mellitus and dyslipidemia [3, 4] . Ten percent of individuals with chronic SCI have a moderate to high risk of long-term cardiac events, with obesity being the most prevalent cardiometabolic risk factor [3, 5] .
Thus, effects from dietetic management in acute SCI may have lasting consequences. Nutritional protein supplementation is required to support tissue healing post injury. Poor nutritional status is associated with increased risk of pressure injuries, infections, respiratory complications, increased length of stay and early mortality [6] . On the other hand, one study reported SCI patients in sub-acute rehabilitation (mean 65.5 ± 12.5 days post injury) gained a mean 1.7 kg/week on unrestricted diets [7] . Monitoring changes in body composition could prevent both malnutrition and overfeeding. Weight change alone is not sufficient for this purpose, because weight loss from muscle atrophy is likely to obscure increases in fat mass (FM).
Assessment of body composition
Body mass index (BMI), calculated from height and weight (kg/m 2 ) is widely used to classify obesity. However, the sensitivity of BMI to distinguish obese from non-obese paraplegics is low (20%) [8] .
Dual-energy x-ray absorptiometry (DXA), primarily designed to assess bone density, also provides measures of FM and fat-free mass (FFM) . DXA is precise and reliable, although its accuracy is limited in individuals with high FM or very low fat-free mass [9] , as may occur after SCI. Furthermore, many DXA scanning beds are inaccessible for wheelchair users. Thus, a more practical alternative to measure body composition in acute SCI is needed.
Single frequency bioelectrical impedance analysis (SF-BIA) has been investigated for this purpose. Accurate measures of FFM, largely comprised of muscle tissue [10] , are derived from total body water (TBW), assuming a hydration fraction for FFM of 0.732 [11] . SF-BIA utilizes a portable device to measure the body's impedance to an alternating electrical current, typically at 50 kHz (BIA 50 ), sent between dermal electrodes [12] . TBW is calculated from the measured impedance using the equation:
Where ρ is the specific resistivity of body fluids (ohm. cm), L is the distance (cm) between electrodes (or surrogate measurement such as height) and Z is the measured impedance (ohm). Commonly, resistance (R) is substituted for impedance. (17) SF-BIA has been validated for longitudinal assessment of able-bodied subjects (BMI range 16-34 kg/m 2 ) [12] . Empirical regression equations incorporating resistance quotient (L 2 /R) and other predictors such as age, sex and weight, have been developed in other neurological conditions [13] . However, these equations are recognized to be population-specific [12] and to date none have been validated in acute SCI.
Bioimpedance spectroscopy
TBW comprises intracellular water (ICW) and extracellular water (ECW). It has been hypothesized that the accuracy of single frequency BIA 50 to predict TBW can be affected by changes in ECW, which is often increased in SCI [14] . Bioimpedance spectroscopy (BIS) measures impedance across a continuum of frequencies (typically 3-1200 kHz), and is thought to provide increased precision in populations where ECW is increased [15] . BIS has shown promise for assessing ECW and ICW in chronic SCI [8] , and may prove useful in acute SCI.
Isotope tracer dilution is the reference method for measuring TBW; however, tracer dilution methods are costly and require specialized facilities and expertize. Thus, dilution methods are often used to validate other, more practical, methods. The aim of this study was to examine the validity of bioimpedance methods (BIA and BIS) to assess FFM in acute SCI. TBW measures derived from deuterium tracer dilution were compared to estimates of FFM from BIS and relevant BIA-based predictive equations extracted from the literature (Table 1) .
It has been suggested in previous studies that more stringent BMI cutoffs be used to classify obesity in chronic SCI ( [16, 17] Laughton, 2009 #386;Silveira, 2017 #359). Thus, a secondary aim was to assess the validity of BMI for classifying obesity in acute SCI using percentage FM (% FM) values from tracer dilution as reference. 
Methods

Participants
Analycor3
Cross-validation bias 
Deuterium dilution
TBW was calculated using the deuterium dilution (DD) data from a doubly-labelled water (DLW) dilution protocol, as part of a parallel research programme. The DLW, comprising 99% 2 H 2 O (deuterium) and 97% 18 O in solution of normal water for a total density of 1.11 g/mL, was administered orally at a dose rate of 0.2 g/kg [18] . This dose was adjusted to 0.21 g/kg for a supplementary batch of DLW that comprised 95% 2 H 2 O and 97% 18 O (density 1.2 g/mL). Doses were prepared by the hospital pharmacy. Exact dose ingested was determined by the difference of the initial weight of solution and cup before minus the weight of the cup and any residual after ingestion.
Baseline urine samples were collected early in the day, prior to administration of the labelled water (Day 0) to determine any background level of isotopes. Subsequent samples were collected from the participant's catheter port via syringe twice on day 1, after 3 and 4 h, and in the morning on post-dose days 2, 5, 6, 8, 9, 12 and 13. Samples were frozen at −20°C and, at the conclusion of the study, shipped to the Children's Nutrition Research Centre at the University of Queensland for analysis using an isotope ratio mass spectrometer (Isoprime Dual Inlet IMRS-IonVantage Software, Isoprime, Manchester, UK). TBW was calculated using standard equations [18] .
Bioimpedance analysis
Bioimpedance measurements were taken in the morning on fasting participants, in climate-controlled in-patient rooms, using a four terminal BIS instrument (model SFB7, ImpediMed Ltd., Brisbane, Australia). Participants hydrated normally overnight. To minimize fluctuations in body fluid distribution, all participants were measured after lying recumbent at least 60 min. Current drive Ag-AgCl EKGstyle electrodes were placed at dorsal ankles and wrists. The SFB7 records impedance (Z) and its components, resistance (R) and reactance (Xc), at each of 256 logarithmically spaced frequencies in the range 3-1000 kHz. Three replicate measurements were recorded, downloaded from the instrument to a laptop computer and analyzed using Bioimp software version v4.18.0 (ImpediMed Ltd., Brisbane, QLD, Australia). Default analysis parameters set by the manufacturer were employed: frequency window 10-500 kHz, zero noise rejection, automatic correction for high frequency capacitive effects and time delay correction. Data were cleaned and valid replicate measurements were averaged.
Bioimp software uses regression procedures to fit the recorded data (R and Xc) to the semi-circular Cole model of the impedance properties of biological tissues [19] , to derive the extrapolated resistance at zero frequency (R 0 ) and at infinite frequency (R ∞ ). R 0 is inversely proportional to ECW; R ∞ is inversely proportional to TBW. ECW and TBW, and by difference ICW, can be predicted from R 0 and R ∞ according to Hanai mixture theory [20] . This method requires the use of apparent resistivity coefficients for ECW and ICW. These have not been determined for SCI patients; consequently values were taken from the largest data set published to date [21] .
FFM was predicted from BIS data (BIS LCW ) [21] . BIS uses fundamental prediction methods (mixture theory) rather than specific empirical prediction equations, with assumed coefficients for body density, body proportion and fluid resistivities [22] . The assumed values for body density was 1.05 g/mL and for hydration fraction was 0.732 [11] . In addition, resistance data were recorded at discrete single frequencies for calculation of BIA-based equations (Table 1) .
Total Body DXA DXA whole body fan beam scans were performed on a GELunar Prodigy scanner (GE Healthcare, Cleveland, USA. enCORE software v13.60, Madison, USA) within 24 h of bioimpedance assessment. No participant exercised within 90 min prior to the scan. Although participants were not required to fast, DXA scans occurred just before lunchtime. Standardized segmentation was performed by one investigator. One participant had a hip implant. This area was excluded and values from the opposite limb represented both sides.
Anthropometry
Body weight was measured to the nearest 100 g on either Gludmann or Wedderburn Rinstrum R320 hoist scales or Wedderburn Model No 2100 platform scales the day before study commencement. Height was measured in supine to the last 0.5 cm, using portable metal bookends and a rigid tape measure.
Limiting of bias
While there was no blinding explicit in the study design, each type of measurement was conducted by separate researchers, so that no measurement was taken with knowledge of values obtained with different instruments.
Statistical analysis
Statistical analyses were performed using Medcalc (MedCalc Software bvba, Ostend Belgium). Descriptive results are expressed as median and interquartile range (IQR). P < 0.05 was considered statistically significant. Lin's concordance coefficient (CCC) was used to evaluate concordance, precision and accuracy of FFM from each method compared to DD. CCC takes into account the correlation between measurements and the deviation from the 45°line of identity by calculating a bias correction factor to the Pearson correlation coefficient measures how far the best-fit line deviates from the 45°line through the origin, and is a measure of accuracy [23] . Concordance was considered good if r > 0.6 and high if r > 0.8.
Bland-Altman limits of agreement (LOA) plots are a graphical representation of the between-method differences, plotted along the y axis, and the assumed true value plotted along the x axis, calculated as the average of measures [24] .
Sensitivity and specificity were calculated for three BMI cutoffs: the World Health Organisation (WHO) classification for overweight and for obese [25] and a previouslyrecommended lower cutoff for SCI (BMI ≥ 22 kg/m 2 ) [16] , using values for %FM [27] obtained from DD as a reference (Supplementary Table) . A sensitivity analysis of %FM from the best-fitting bioimpedence-based prediction equation was also conducted.
Results
Participant characteristics
86 patients met the inclusion criteria (76% of all admissions) between November 2013 and May 2015. Reasons for exclusion included age <18 (n = 5), death (n = 4), language barrier (n = 1) and concurrent illness (n = 22). Data were not collectable from twenty participants due to interruption in the DLW supply, short length of stay, cytotoxicity or lack of an indwelling catheter. 29% of all admissions were recruited, 71% of whom consented.
Descriptive characteristics are presented in Table 2 . Twenty participants gave consent and completed both DLW and bioimpedance assessments. Thirteen participants completed DXA measurements, but one of those did not complete DLW. Median age was 42.5 years (IQR 24-61 years). Median time since injury was 41 days (IQR 28-48 years). Median BMI at baseline was 24.9 (IQR 21-28 years). Five participants had complete injuries (two tetraplegia). Fifteen had incomplete injuries, (14 tetraplegia). Participants were Caucasian males, except for two females (Asian and Caucasian).
Validity of FFM from DXA
Predicted FFM from all methods is displayed in Fig. 1 . Table 3 presents Lin's concordance coefficient (CCC), Pearson's correlation coefficient (r, a measure of precision) and the bias correction factor (Cb) for all methods compared to DD. The measurements of FFM from DD and DXA showed high concordance (rc = 0.88), however the BlandAltman plot shows the bias between methods was 1.7 kg, with LOA −5.1 to 8.5 kg (Fig. 2) . This equated to an th and 75 th percentiles of the group data. Whiskers show the range of the data, except when there are outliers, which are represented by outlying points. Key (references): BIA K50 [26] ; BIA B50 [14] ; BIA Desport [13] ; BIA Segal [29] ; BIA v50 [27] ; BIA V100 [27] ; BIA Lukaski [28] ; BIS LCW [19] 
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Low tetraplegia (C5-C8) n = 4 AIS A 1
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AIS ASIA impairment scale, BMI body mass index, DD deuterium dilution, DLW doubly labelled water, FFM fat-free mass, FM fat mass, TEE total energy expenditure a FFM calculated as TBW/0.732 [12] underestimation of FFM by 2.9% using DXA, with limits of agreement (LOA) ±11.5%, indicating decreased accuracy compared to some bioimpedance-based predictions as discussed below.
Valididty of bioimpedance analysis
Of all the predictive equations tested, the populationspecific BIA K50 had the best fit (Table 3 ) [28] . The BlandAltman plot (Fig. 3a) shows a mean bias of 0.6 kg and LOA ±5.2 kg. However, the slope of the regression line was significantly different from 0, indicating systematic error; BIA K50 increasingly underestimated FFM as the value of FFM increased. The BIA B50 equation showed the next best fit (Fig. 3b) , with double the bias of BIA K50 [14] . BIA B50 systematically overestimated FFM as values of FFM increased and underestimated FFM where FFM values were lower.
FFM predicted from BIA V100 and BIA V50 had very good concordance, precision and accuracy (Table 3 ) [29] . Unlike BIA K50 and BIA B50 , neither BIA V100 nor BIA V50 displayed systematic bias, but the bias and LOA were much larger (Fig. 3c, d ). BIA Segal and BIA Lukaski were not a good fit (Fig. 3e, f) [30, 31] . BIA Desport , developed in patients with ALS [13] , was the only equation that incorporated an anthropometric measure (triceps skin fold). Although concordance with DD was very good and the mean bias was small (1.2 kg), the LOA were unacceptably wide (Fig. 3g) .
While predictions of FFM by BIS LCW [19] , also showed high concordance with DD, the Bland-Altman plot depicts a bias of 4.3 kg (Fig. 3h) . BIS LCW increasingly underestimated FFM as values decreased.
Classifying obesity in acute SCI
The prevalence of obesity, as determined by %FM, was 45%. Results from the sensitivity analysis are presented in Table 4 . Although BMI is the most widely used classification system for obesity in SCI [17] , we were unable to identify a suitable BMI cutoff for classifying obesity in this sample. DXA %FM had perfect sensitivity and specificity, while %FM from BIA K50 showed perfect specificity and high sensitivity (88.9%).
Discussion
This study evaluated the validity of several published equations estimating FFM from BIA measurements, demonstrating very good concordance (rc 0.82-0.96). Two equations (BIA Segal and BIA Lukaski ) based on large samples of able-bodied people demonstrated poor accuracy in this sample, confirming accepted knowledge that predictive equations from bioimpedance are population-specific [12] . Previously, BIA V100 was able to predict TBW in persons with chronic SCI with minimal bias (0.76 L) and moderate dispersion (LOA −2.9 to 4.4 L) [33] . However, BIA V100 showed an overestimation bias and larger dispersion in the present study, despite a similar sample size [33] . The reasons for this difference are unclear. The previous sample had a slightly higher ratio of females to males (1/3) and a slightly higher median BMI (26.9 ± 4.4). The ratio of paraplegia to tetraplegia was not reported but was likely to have also been higher, as our sample comprised mostly high tetraplegia. Another probable source of discrepancy was time post injury; the previous sample was at least four months post injury, but the median time post injury was not reported and may have been considerably longer. BIA Desport and BIA B50 systematically overestimated FFM in individuals with higher FFM in the present study [13, 14] . BIA Desport was developed in patients with ALS; the extent of the atrophy in that patient cohort would have progressed more than in this acute SCI sample. Furthermore, in cases of paraplegia, a large portion of the body may not be affected, whereas ALS affects the whole body.
BIA B50 was derived in a sample of 62 able-bodied subjects, then cross-validated in chronic SCI, overestimating FFM by 2.3 kg compared to DD [14] . The present study is the first to evaluate BIA B50 in acute SCI, demonstrating very good concordance and a low underestimation bias, however the dispersion was ±7.6 kg. The previous chronic SCI sample comprised only adults with complete paraplegia [14] , whereas the present sample was predominantly comprised of incomplete tetraplegia, with considerably higher FFM than the BIA B50 sample (58.4 ± 10 kg compared to 44 ± 11 kg). This is a likely source of discrepancy, given the systematic overestimation observed when FFM increased.
The equation providing the best fit for this sample was BIA K50 , which overestimated FFM by only 600 g and provided the tightest LOA of all the bioimpedance-based measures (±5.2 kg). Previous reports that BIA K50 estimates of FM correlated moderately with DXA in men (r = 0.722, P = 0.043) but not in women (r = 0.484, P = 0.224) with chronic SCI and that overall precision was poor (total error 6.7% in men and 8.1% in women) [34] . The poor precision in females should be noted, as the current sample included only two females. Other differences between the two samples include recency of injury and high proportion of incomplete tetraplegics in the current study, compared to chronic paraplegic athletes in the former. Although the high concordance with DD lends some support to the construct validity of BIA in general, these data cannot yet validate BIA K50 for assessment of individuals with acute SCI. A larger sample size might provide tighter LOA, and further testing to validate this equation is warranted.
Although BIS theoretically provides a better estimate of TBW and hence FFM, the purported improvement of BIS over BIA has been reported to be small [35] . In the present study, BIS LCW performed no better than single frequency predictors. This may be due to the use of resistivity coefficients for healthy rather than SCI individuals. Furthermore, the body proportion factor was also derived from healthy individuals and may not be appropriate for individuals with substantial atrophy.
DXA is widely regarded as an alternative to costly and logistically difficult dilution methods and has the advantage of simultaneously assessing multiple body compartments (FM, FFM and bone mineral). Although highly correlated with DD in this sample, DXA underestimated FFM by 2.9% with wide LOA (±11.5%). These findings indicate that DXA and DLW methods may be considered interchangeable within ±2.9% error margin for group means. Although LOA may be expected to decrease with a larger sample, these results are consistent with literature questioning the accuracy of DXA for measurements of body composition in individuals with extreme atrophy [9] .
Classification of obesity
Previous proposals that a more stringent BMI cut-off (≥22 kg/m 2 ) should be used to classify obesity in chronic SCI [4, 24, 32] , however this low cut-off produced false positives in 40% of the present sample. Obesity classified using BIA K50 was more much sensitive (88.9%) than BMI. This is superior to previous reports that BIA B50 had 68.4% sensitivity, outperforming BMI (20% sensitivity) to identify obesity in chronic paraplegia [14] . Although DXA is perfectly valid for classifying obesity, BIA K50 is less expensive, clinically feasible and suitable for longitudinal assessments. Further research should endeavour to replicate these findings and to validate the connection between %FM and associated morbidities.
Clinical relevance
The development of an objective bedside measure to quantify body composition in acute SCI may facilitate improvements in patient care. BIA shows utility as a sensitive outcome measure for clinical research. A pilot study on the effects of FES rowing intervention on body composition in people with SCI (>6 mos) was able to detect statistically significant pre-post differences using BIA 50 measures of FFM and FM, but not using BMI or waist circumference [36] . The current study supports the utility of BIA K50 for estimating body composition for group studies in acute SCI. These results are generalizable to traumatic SCI (AIS A-D) within 4-8 weeks post injury; however, the present cohort had a potentially greater proportion of highcervical SCI than other settings. Further data is required to provide greater accuracy and precision in the assessment of individuals. To date, many studies on interventions attempting to slow or reverse muscle atrophy after SCI, such as functional electrical stimulation exercise, have relied on either DXA or time-consuming methods of MR image analysis to quantify changes in skeletal muscle [37, 38] . The validation of BIA measures of FFM in acute SCI may provide greater facility to quantify outcomes in such studies, as well as in clinical practice. BIA-based estimations of FFM have demonstrated precision (0.9-3.3%) in biannual follow-up measurements in patients with ALS [13] . Given that the maximum weight loss in the present sample during the two-week period was only 2 kg, which is within the standard error of the measurement for DXA soft tissue measures, longitudinal investigations to validate BIA to monitor longitudinal change are warranted.
Validated and clinically practical quantitative measures of FFM might enhance dietetic management in acute SCI through improved accuracy of predictions of nutritional requirements. This, for example, could allow better targeting of protein supplementation to support muscle growth rather than more generalized unwanted weight gain. Skeletal muscle and the liver contribute most significantly to resting metabolic rate (RMR) [10] . FFM accounts for 70-85% of the variance in RMR in non-obese adults [10] . There is limited but consistent evidence that FFM also predicts RMR in people with SCI, accounting for 70% of the variance [8] . Thus, measures of FFM may predict metabolic demands in SCI more accurately than currently utilized methods based largely on height and weight. If so, then this validation of BIA will provide, for the first time, an objective bedside measure to guide dietetic practice in acute SCI.
The main limitation of this study was the small sample size particularly for DXA. This could have contributed to the wide LOA observed for the method comparisons. However, the high cost of isotopes and mass spectrometry analysis precluded the assessment of a larger sample. Notwithstanding the small sample size, the observed LOA were similar in magnitude typical of impedance validation studies in general [37, 39] . Nonetheless, the study helps to clarify the practical feasibility of using this simple objective measurement tool in this challenging population. Future studies that link impedance-derived predictions of body composition to clinical outcome would provide additional support for the clinical utility of the impedance technique.
Conclusions
The present results indicate that BMI has poor specificity to identify obesity in acute SCI. Although DXA produced valid measures of FFM, it was inaccessible to wheelchair users. BIA demonstrated validity to classify obesity in acute SCI, was well tolerated by patients, and practical to implement.
Several predictive equations to estimate FFM were tested. The equation derived and cross-validated in chronic SCI provided the best fit for this acute SCI sample (BIA K50 ) [28] . BIA K50 showed the best precision and accuracy, although systematic bias with relatively large LOA was evident; replication of these findings is needed and if supported then this impedance protocol could provide an objective simple to use bedside measurement. The high precision and reproducibility of the bioimpedance technique in general lends itself to the measurement of FFM in acute SCI for group comparisons [28] . Larger studies may demonstrate improved accuracy and increased confidence in BIA K50 for the long-term clinical assessment of FFM in SCI individuals.
Validation of a practical and accurate method to quantify body composition could advance the dietetic management in acute SCI. The relationship between FFM and energy requirements [8] and clinical outcomes and/or response to nutritional interventions merits investigation in this patient population.
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